Telomere shortening limits the growth of primary human cells to a finite number of cell divisions before proliferation ceases at the senescence stage (23) . Cellular senescence induced by telomere shortening is characterized by typical changes in cell morphology (flattened cells with enlarged cytoplasm) (5, 23) and senescence-associated ␤-galactosidase (SA-␤-Gal) activity at pH 6 (10) . At the molecular level, growth arrest at the senescence stage is induced by an attenuation of gene expression and an accumulation of cells in the late G 1 phase of the cell cycle (13, 35, 37, 40) which fail to phosphorylate pRb after mitogen stimulation (50) . Phosphorylation of pRb during G 1 phase is carried out by cyclin D-Cdk4/6 and cyclin E-Cdk2 complexes. This process is essential for the release of E2F transcription factors that promote the expression of late-G 1 -phase genes that are required for S-phase initiation and progression (59) . Once arrested, the senescent cells cannot be stimulated to enter S phase by any known combination of physiological mitogens. Many genes, including several proto-oncogenes, remain mitogen inducible in senescent cells (41, 47) . Thus, senescent cells fail to proliferate not because of a loss of growth factor signal transduction but rather because of selective repression of a few positively acting, growth regulatory genes whose expression is essential for G 1 -phase progression and DNA synthesis (41, 47) .
It has been suggested that critically short telomeres at the cellular level determine whether a cell enters senescence or continues to divide both in vitro (3) and in vivo (44) . A current hypothesis is that replicative senescence represents a DNA damage-like response induced by a loss of telomere function and chromosomal "uncapping" in cells with critically short telomeres (55) . In accordance with this hypothesis, it was re-cently shown that senescent cells are characterized by the appearance of nuclear DNA damage foci containing a variety of proteins involved in DNA damage checkpoint control and double-strand break repair (8, 45, 54) . To a certain extent, these DNA damage foci localize to the dysfunctional telomeric ends (8, 54) . It seems possible that the disruption of higher-order telomere structures, e.g., T loops (19) or G quartets (4) , as well as the degradation of the G-strand overhang (31, 53) triggers this DNA damage response. However, there is also evidence for a genome-wide accumulation of nonrepairable doublestrand breaks in senescent cells (45) . In line with the DNA damage hypothesis of senescence, a variety of studies have revealed the activation of the p53-dependent up-regulation of the Cdk inhibitor p21
Cip1/Waf1/Sdi1 (7, 35, 44, 51) at senescence. In addition to the activation of the DNA damage response, the Cdk inhibitor p16
Ink4a accumulates in senescent cell cultures (2, 20) , and it has been proposed that it may be part of a differentiation program necessary for the maintenance of senescence (7) .
Besides the induction of replicative senescence by critical telomere shortening, overstimulation of the Ras/Raf/MEK/mitogen-acrivated protein kinase (MAPK) pathway provokes premature senescence arrest irrespective of telomere length (29, 46, 62) . Premature senescence induced by activated Ras and replicative senescence downstream of telomere shortening share common signaling pathways and morphological features (46) . In primary human cells, the "premature senescence program" leads to the activation of p53 and p16 (29, 46) , possibly functioning as a tumor suppressor mechanism (46) . Another stress condition that has been linked to the activation of senescence programs includes oxidative stress and DNA damage (32) . It has been demonstrated that oxidative stress can cooperate with telomere shortening to activate replicative senescence programs (57) . Moreover, in mouse embryonal fibroblasts, oxidative stress appears to be the major mechanism for inducing senescence-like growth arrest (39) . According to these studies, the activation of senescence may depend on multiple factors, including cellular stresses and telomere shortening. In line with this hypothesis, a recent study showed that in primary human fibroblasts, the activation of senescence during in vitro passage involves a mixture of different senescence stimuli, including oxidative and mitogenic stresses as well as telomere shortening (25) . The interconnection among these different senescence stimuli has yet to be explored.
Our study focuses on the question of whether replicative senescence signaling is constitutively operative irrespective of external factors or modulated by altered mitogen stimulation that induces a proliferative response to drive the cells into the cell cycle. This study shows that replicative senescence signaling is amplified when cells with shortened telomeres are stimulated to enter the cell cycle by mitogens. The activation of senescence signaling correlates with the activation of DNA damage responses by mitogen stimulation. This study also FIG. 1. TRF length determined for early-passage, late-passage, and hTERT-immortalized IMR90 and HK1 cells in a representative in-gel Southern blot. Lanes: 1, late-passage (PD55) IMR90 cells; 2, early-passage (PD30) IMR90 cells; 3, hTERT-immortalized (PD68) IMR90 cells; 4, late-passage (PD60) HK1 cells; 5, early-passage (PD9) HK1 cells; 6, hTERT-immortalized (PD90) HK1 cells. The mean TRF length was significantly shorter in late-passage IMR90 cells (5.7 kb) than in early-passage (8.5 kb) or hTERT-immortalized (7.8 kb) IMR90 cells. The mean TRF length was significantly shorter in late-passage HK1 cells (4.8 kb) than in early-passage (7.6 kb) or hTERT-immortalized (9.2 kb) HK1 cells.
FIG. 2.
The phenotype of replicative senescence of primary human fibroblasts is mitogen dependent. (A) Representative images of IMR90 cells at early passage and late passage, TERT-expressing IMR90 cells at late passage, and SV40-T-Ag-expressing IMR90 cells at late passage (rows from top to bottom) under the indicated culture conditions. (B and C) Histograms showing the percentage of cells with senescent morphology (B) and the percentage of SA-␤-Gal-positive cells (C) for early-passage (PD30) and late-passage (PD55) IMR90 cells under serial passage in 10% FBS, after serum starvation in 0.1% FBS for 120 h, and after serum restimulation with 10% FBS for 24 h. The senescent morphology index and the number of SA-␤-Gal-positive cells for early-passage IMR90 cells were low under all culture conditions. In contrast, late-passage IMR90 cells showed a high senescence morphology index (75.36% Ϯ 6.14%) and a high percentage of SA-␤-Gal-positive cells (78.34% Ϯ 7.62%) under serial passage, a significant rescue of senescence morphology (23.43% Ϯ 3.29%; P Ͻ 0.0001) and SA-␤-Gal activity (19.29% Ϯ 3.89%; P Ͻ 0.0001) in response to serum starvation, and a significant reappearance of senescence morphology (72.9% Ϯ 8.17%; P Ͻ 0.0001) and SA-␤-Gal activity (67.58% Ϯ 8.86%; P Ͻ 0.0001) in response to serum restimulation. shows that the activation of senescence signaling is mediated in part through the MEK/MAPK pathway.
MATERIALS AND METHODS
Cell cultures. Human fetal lung fibroblasts (IMR90), human embryo lung fibroblasts (WI38), and human adult skin fibroblasts (HK1) (62) were cultured in Dulbecco minimal essential medium (Gibco) supplemented with 10% fetal bovine serum (FBS) (Sigma) and 1% penicillin-streptomycin in 5% CO 2 -20% O 2 at 37°C. Serum starvation was carried out with 0.1% FBS in DMEM for 120 h after trypsinization of serially passaged cultures. Serum restimulation was carried out with 10% FBS in DMEM. For drug (PD098059 or U0126) inhibition studies, cells were cultured in 0.1% FBS for 120 h and treated with a 10 M final concentration of PD098059 or U0126 1 h before serum stimulation.
Flattened cells were defined as exceeding 60 m in width, and their shape thus was clearly distinguishable from the normal spindle-like shape of the majority of fibroblasts at early passage, having a width of 20 to 40 m. The number of flattened cells in cultures of living cells under serial passage, serum starvation, and serum stimulation conditions and in response to drug treatment (see above) was counted directly by using a microscope. For each culture condition, the cells were counted in at least 10 low-power fields (ϫ10). Then, the cells were washed twice with phosphate-buffered saline (PBS), fixed with 10% formalin in PBS for 10 min, washed three times with PBS, and stained with crystal violet staining solution (50 mg of crystal violet, 45 ml of H 2 O, 5 ml of ethanol) for 30 min. The excess stain was removed by washing the cells with distilled H 2 O five to seven times. The plates then were air dried, and the number of irregular, flattened cells in a minimum of 10 low-power fields (ϫ10) was counted again and expressed as a percentage of all cells counted. Similar results were obtained with the above two counting methods.
Cell cycle profile. Cells were pulse-labeled with bromodeoxyuridine (BrdU) at a 10 M final concentration for 2 h before collection and stained with propidium iodide and fluorescein isothiocyanate (FITC)-labeled anti-BrdU antibody (Becton Dickinson) according to the manufacturer's protocol. Flow cytometric analysis was carried out with a FACScan apparatus (Becton Dickinson) equipped with Cellquest software.
TRF length analysis. Telomere restriction fragment (TRF) length analysis of genomic DNA collected from early-passage, late-passage, and human TERT (hTERT)-immortalized primary human fibroblasts was done as described previously (60) .
Mice. Two-to 3-month-old male mTERC Ϫ/Ϫ and littermate mTERC ϩ/ϩ control mice in a C57BL/6J background were used for this study. Late-generation mTERC Ϫ/Ϫ mice were obtained by crossing successive generations of mTERC Ϫ/Ϫ mice until the third generation (G 3 ). The mice were bred and maintained on a standard diet in the animal facility at Medical School Hannover.
PH and BrdU pulse-labeling. All of the mice underwent 70% partial hepatectomy (PH) in the early hours of the day. The mice were pulse-labeled with BrdU by intraperitoneal injection of BrdU labeling reagent (10 l/g of body weight; cell proliferation kit; Amersham) 2 h before sacrifice. Immunohistochemical staining of frozen sections was done as described before (44) .
SA-␤-Gal staining. SA-␤-Gal staining was carried out as described previously (10) with cryostat sections of liver samples collected 24 to 120 h after PH. Cells were stained after fixation in 3% formaldehyde for 5 min with freshly prepared SA-␤-Gal solution overnight at 37°C in the dark. Five independent stainings were carried out for both early-and late-passage cells. Analysis was done in a blinded fashion. The number of SA-␤-Gal-positive cells in 10 low-power fields (ϫ10) was counted randomly and expressed as a percentage of all cells counted.
Determination of IL-6 levels. Serum interleukin 6 (IL-6) levels in blood serum were determined by using a Pharmingen OptEIA set mouse IL-6 kit according to the manufacturer's protocol.
Q-FISH. Quantitative fluorescent in situ hybridization (Q-FISH) to measure telomere lengths was conducted with liver cells isolated from mTERC ϩ/ϩ and G 3 mTERC Ϫ/Ϫ mice by the collagenase perfusion method (44) as described before (60) .
RNA extraction and cDNA synthesis. Total RNA was extracted from liver samples and from early-passage, late-passage, hTERT-immortalized, and drugtreated fibroblasts by using RNA Clean according to the manufacturer's protocol (Hybaid). The RNA was extracted from liver samples collected 36 h (n ϭ 3) after PH and from mice that did not undergo hepatectomy (n ϭ 5) in each group (mTERC ϩ/ϩ and G 3 mTERC Ϫ/Ϫ ). The quality of the RNA was checked on a denaturing agarose gel, and the concentration was determined by using a spectrophotometer at 260 nm (optical density at 260 nm [OD 260 ]). RNA samples having an OD 260 /OD 280 ratio of 2 or more were used for cDNA synthesis and quantitative real-time PCR. A total of 2 g of total RNA was used to synthesize cDNA with an oligo-dT primer and Superscript II reverse transcriptase (RT) enzyme (Invitrogen). The RT reaction was checked by amplifying the RSP9 and ␤-actin housekeeping genes.
Quantitative real-time PCR. Quantitative real-time PCR was performed by using an ABI Prism 7700 sequence detection system (PE Applied Biosystems) with SYBR green I (Sigma S9430) as a double-stranded DNA-specific binding dye. All of the samples were analyzed in triplicate, and expression was confirmed by three independent PCR runs. The primer pairs used are listed in Table 1 . The cycle profile for PCR was as follows. After activation of Hot Star Taq DNA polymerase (Qiagen), denaturation was carried out at 94°C for 15 s, annealing was carried out at 54°C for 15 s, and extension was carried out at 72°C for 30 s. A total of 45 cycles of PCR amplification were performed to confirm the expression level; to normalize the expression level, the internal controls used were the RSP9 housekeeping gene for mouse liver and the ␤-actin housekeeping gene for primary human fibroblasts. The optimum temperature for the analysis of a specific product was obtained after amplification by raising the temperature successively through 0.5°C steps and comparing the melting temperature of a specific product with that of a nonspecific product. The optimum temperature determined from melting point analysis then was used for quantitative PCR. The quantification data were analyzed with ABI Prism 7700 analysis software. In all experiments, the value used to determine the cycle threshold during analysis was kept constant. For each primer pair, the linearity of detection was confirmed to obtain a correlation coefficient of at least 0.98 over the detection area by measuring a fourfold dilution curve with cDNA prepared from liver samples and from IMR90 and HK1 cells. The fold difference therefore was calculated by assuming a 100% efficient PCR where each cycle threshold was normalized to the expression of the RSP9 or ␤-actin housekeeping gene. The results are reported as means and standard deviations for three different PCRs.
Immunocytochemical analysis. Early-passage and late-passage HK1 cells were grown on coverslips and probed with specific antibodies during serial passage, serum starvation (0.1% FBS for 120 h), restimulation (10% FBS for 24 h), and The cells were permeabilized with 0.5% NP-40, washed three times with ice-cold PBS, and incubated with specific primary antibodies (2 g/ml, except for MDC1, which was used at a 1:500 dilution) at 4°C overnight.
The following primary antibodies were used for immunocytochemical analysis: anti-phospho-H2A.X (Ser139) and anti-53BP1 (Upstate), phospho-(Ser/Thr) ATM/ATR substrate (Cell Signaling), MDC1 (a kind gift from Stephen P. Jackson, University of Cambridge, Cambridge, England), and NBS1 (Oncogene). The cells were washed three times with PBS, incubated with FITC-or CY 3 -conjugated secondary antibodies (Jackson Immunoresearch Laboratories) for 30 min at room temperature, and washed three times with PBS. The coverslips were air dried for 10 min and mounted with 4Ј,6Ј-diamidino-2-phenylindole mounting medium. A minimum of at least 500 nuclei in several low-power fields (ϫ40) were counted randomly for each culture condition and for each antibody staining and were expressed as a percentage of all nuclei counted. Statistical programs. Student's t test, Graphpad InStat, and Graphpad Prism software was used to calculate statistical significance and standard deviations.
RESULTS
The in vitro phenotype of replicative senescence induced by telomere shortening is dependent on mitogen stimulation. To analyze whether the senescence phenotype induced by telomere shortening is constitutively operative at the same level or is amplified by mitogenic stimuli, we first explored this phenomenon in human fibroblast cultures with three different cell lines (IMR90, WI38, and HK1) (27, 36, 56) . As described in previous studies, telomeres were significantly shorter in latepassage cells of all three cell lines than in early-passage cells, but telomere length was stabilized by the overexpression of TERT ( Fig. 1 ; data not shown for WI38 cells) (21, 27, 34, 36, 56) .
Decreased cell proliferation at the onset of senescence correlated with an increased prevalence of the markers of cellular senescence: (i) SA-␤-Gal activity at pH 6 and (ii) senescence cell morphology (flattened, irregular cells with an enlarged cytoplasm and a width of Ͼ60 m). Consistent with previous studies, the percentage of cells that were positive for both markers reached Ͼ60% at late passage, whereas it was Ͻ20% at early passage ( Fig. 2 and 3) . To test whether these markers of replicative senescence were modulated by altered mitogen stimuli, their prevalence in early-and late-passage cells was quantitated (i) under serial passage, (ii) after serum starvation (0.1% FBS for 120 h), and (iii) after serum restimulation (10% FBS for 24 h). Interestingly, these experiments revealed that the increase in the percentage of cells showing senescence morphology or positive SA-␤-Gal staining at late passage was strongly dependent on serum stimulation but almost completely disappeared in response to serum starvation ( Fig. 2 and  3 ). The diminution of senescence markers in late-passage cultures was detectable as early as 48 h after serum starvation (data not shown) and reappeared 24 h after serum stimulation.
To ensure that the phenotype of senescence in late-passage fibroblasts was induced by telomere shortening, we performed an identical experiment with immortalized subclones of all three cell lines, in which replicative senescence was bypassed by hTERT expression. The immortalization of WI38 by hTERT expression was documented in an earlier study (27) ; similarly, hTERT expression was found to be sufficient to immortalize HK1 cells (63) . There is some conflict on the immortalization of IMR90 cells; however, under our laboratory conditions, we successfully established IMR90 cells in which the replicative senescence limit clearly was bypassed by hTERT overexpression (the cells were monitored until population doubling 115 [PD115]), in line with observations made by others (34; J. Shay, personal communication). It has been reported that even though TERT expression elongates the life span of IMR90 cells, they still reach telomere-independent senescent arrest at very late passage (34) . We cannot exclude the possibility that such telomere-independent factors also have a role in our in vitro experiments with IMR90 cells. However, the presence of similar findings in three different cell lines favors the conclusion that our experiments are in fact generally relevant for replicative senescence which is induced by telomere shortening and which can be bypassed by hTERT expression.
All three immortalized cell lines showed telomere stabilization after hTERT expression ( Fig. 1 ; data not shown for WI38 cells) and no detectable senescence morphology or SA-␤-Gal staining in late-passage cells independent of the culture conditions ( Fig. 2A and D and Fig. 3A, E, and H) . Similarly, simian virus 40 T antigen (SV40-T-Ag) expression, which blocks both the pRb and the p53 pathways, which govern the senes- cence checkpoint (61) , prevented the induction of senescence morphology and SA-␤-Gal activity in late-passage IMR90 cells ( Fig. 2A and D) . Together, these data indicated that the classical senescence phenotype (induced by telomere shortening and bypassed by hTERT or SV40-T-Ag expression) in primary human cells can be modulated by altered mitogen stimulation.
To rule out the possibility that further telomere shortening in subsequent cell division was the cause for this increased senescence phenotype in response to mitogen stimulation, we analyzed S-phase activity in IMR90 and HK1 cells. Early-passage cells showed S-phase activity under serial passage and resumption of replication 12 to 24 h after serum stimulation of serumstarved cultures. In contrast, late-passage fibroblasts did not show any significant S-phase activity under serial passage or after serum stimulation of serum-starved cultures ( Fig. 4A and Table 2 ). These data excluded the possibility that the reappearance of the senescence phenotype in response to serum stimulation of late-passage human fibroblast cultures was due to further telomere shortening in subsequent cell division. SA-␤-Gal activity induced by telomere shortening in vivo is mitogen dependent. Several reports of studies with human samples have shown an increased frequency of SA-␤-Gal-positive cells in organs and tissues affected by telomere shortening due to continuous cell turnover during aging (5, 10) or chronic diseases (38, 60) . Late-generation telomerase-deficient mice (mTERC Ϫ/Ϫ ) have been used as a model system to study the impact of telomere shortening in vivo (6, 24, 28, 42, 43) . It was recently reported that regenerative defects in late-generation mTERC Ϫ/Ϫ mice are in part due to the induction of cellular senescence and the failure to enter the cell cycle in a subpopulation of organ cells harboring critically short telomeres (44) .
To test whether our in vitro result of mitogen-dependent alteration of the replicative senescence phenotype would also apply to the in vivo situation, we monitored SA-␤-Gal activity in quiescent liver and liver stimulated to divide by PH in mTERC Ϫ/Ϫ and mTERC ϩ/ϩ mice. We used mTERC Ϫ/Ϫ mice of the first generation (G 1 ), which lack telomerase activity but have long telomere reserves and no apparent phenotype (6), as well as G 3 mTERC Ϫ/Ϫ mice, which have critically short telomeres ( Fig. 5A and B) . The quiescent liver has very little mitotic activity, with over 95% of the cells in the G 0 phase of the cell cycle; however, in response to pH, over 90% of liver cells participate in organ regeneration and restore organ mass within 1 week (15). As reported previously, there was an overall higher prevalence of SA-␤-Gal-positive liver cells in G 3 mTERC Ϫ/Ϫ mice, harboring critically short telomeres, than in mTERC ϩ/ϩ mice (44) . Similar to our in vitro data, the increased incidence of SA-␤-Gal-positive cells in G 3 mTERC Ϫ/Ϫ mice was mitogen dependent, showing a strong increase after PH (Fig. 5C and D) . In contrast, mTERC ϩ/ϩ and G 1 mTERC Ϫ/Ϫ mice showed only a slight increase in SA-␤-Galpositive cells, indicating that the induction of SA-␤-Gal activity in vivo depends on both telomere shortening and mitogen stimulation. The increase in SA-␤-Gal-positive liver cells in G 3 mTERC Ϫ/Ϫ mice after PH followed an increase in the levels in serum of IL-6-the prominent mitogen regulating liver cell cycle reentry in response to organ damage-and there was no difference in the mitogenic responses of mTERC ϩ/ϩ and G 3 mTERC Ϫ/Ϫ mice (Fig. 5E) . Analysis of S-phase activity showed almost zero activity at 36 h but a sharp peak at 48 h after PH (Fig. 4B and C) , indicating that the senescence phenotype in G 3 mTERC Ϫ/Ϫ liver, which became detectable at 36 h after PH, was independent of further telomere attrition in subsequent cell division.
The enhanced expression of cell cycle inhibitors induced by telomere shortening is mitogen dependent. To monitor molecular markers of replicative senescence, we monitored gene expression levels for cell cycle inhibitors regulating the senescence pathway, namely, p21 and p16 (2, 7, 20, 35, 51) , and for p19 ARF , although its role in senescence is under debate (11, 58) . As established in previous studies, increased expression of p21 was detected in late-passage cells (Fig. 6E, F , G, and J) (7, 35, 51) and in the regenerating liver of G 3 mTERC Ϫ/Ϫ mice compared to mTERC ϩ/ϩ and G 1 mTERC Ϫ/Ϫ mice ( Fig. 6A  and D) (44) . Similarly, up-regulation of p16 was seen in latepassage cells (Fig. 6E, F , H, and K) (2, 20) but not in the regenerating liver of G 3 mTERC Ϫ/Ϫ mice (Fig. 6B ), in line with previously identified species differences in the regulation of p16 during senescence in mouse and human cells (49) . We did not detect significant up-regulation of p19 ARF in either the in vitro or the in vivo system (Fig. 6C, I , and L).
In accordance with our data on senescence morphology and SA-␤-Gal-activity, the senescence-associated up-regulation of p21 in late-passage cells and G 3 mTERC Ϫ/Ϫ mouse liver and the up-regulation of p16 in late-passage cells were strongly induced when the cells were stimulated to enter the cell cycle by mitogen exposure (Fig. 6A, D , E to H, J, and K). Moreover, mitogen withdrawal reversed the up-regulation of these Cdk inhibitors to a low, basal level when senescent late-passage cells were transferred from serial passage in 10% FBS to serum starvation in 0.1% FBS (Fig. 6E to H, J, and K) . With the liver system, it has been reported that p21 is induced during cell cycle reentry of quiescent hepatocytes following PH (1), indi- Ϫ/Ϫ mice after PH; these levels peaked 6 to 9 h after PH. (Fig. 6A and D) .
The accumulation of DNA damage response proteins in cells with shortened telomeres is mitogen dependent. The cellular response to DNA damage usually starts with the sensing of the damaged DNA. ATM/ATR kinases are emerging as potential sensors whose induction leads to the activation by phosphorylation of several transcription factors, which in turn regulate the expression of genes involved in DNA repair, cell cycle arrest, and apoptosis (18) . Critically short dysfunctional telomeres trigger responses similar to those triggered by DNA damage, involving ATM and p53 (55) . In concordance with these data, recent studies showed that many proteins that are involved in DNA repair and that are activated by ATM/ATR are overexpressed in the nuclei of senescent cells and form DNA damage foci at dysfunctional telomeres (8, 54) and intragenomic double-strand breaks (45) . These proteins include phosphorylated H2AX (␥-H2AX), a common marker of cellular double-strand breaks that in turn promotes the assembly of several checkpoint and DNA repair factors (e.g., 53BP1, MDC1, and NBS1) at the site of DNA damage (17, 52) . To explore whether the dysfunctional telomeres and doublestrand breaks in senescent cells elicit a constitutive DNA damage signal irrespective of external factors, the localization and expression of these proteins (␥-H2AX, 53BP1, MDC1, and NBS1) in early-and late-passage HK1 cells under serial passage, serum starvation, and serum restimulation were monitored. In addition, a polyclonal antibody highly specific for phosphorylated substrates of ATM/ATR was used to monitor the activity status of this pathway. Immunofluorescence analysis revealed that most of the late-passage cells showed nuclear expression of the above proteins, which formed nuclear foci, as described previously (8, 45, 54) . When the late-passage cells were transferred from serial passage (10% FBS) to serum starvation (0.1% FBS), the percentage of cells showing nuclear DNA damage foci was greatly reduced (Fig. 7) . In parallel to our data on senescence signaling and phenotypic changes (see above), restimulation of serum-starved cells led to a rapid increase in the percentage of cells showing nuclear DNA damage foci (Fig. 7) . In contrast to late-passage cells, a very small percentage of early-passage cells showed DNA damage foci, and there was no significant difference under the three culture conditions (Fig. 7D) .
Inhibition of the MEK/MAPK pathway partially inhibits the amplification of senescence signaling and DNA damage responses induced by mitogen stimulation in cells with shortened telomeres. Treatment of cells with growth factors leads to the activation of MAPKs, also called extracellular signal-regulated kinases (ERKs), by the MAPK/ERK kinase (MEK). Members of the Ras family of oncoproteins activate this pathway in response to growth factor-mediated dimerization of tyrosine kinase receptors. Although necessary for normal cell proliferation, sustained overstimulation of the Ras/MEK/ MAPK pathway induces premature senescence. Ras/MEK/ MAPK-induced premature senescence is independent of telomere length and is characterized by the appearance of morphological and molecular markers similar to those seen in replicative senescence (29, 46, 62) . To test whether the same mitogenic pathway also plays a role in revealing DNA damage responses and senescence signaling during replicative senescence, two highly specific pharmacological inhibitors of MEK (PD098059 and U0126) were used to block this pathway (9, 16) . When the cells were treated with PD098059 or U0126 1 h before serum stimulation of serum-starved late-passage IMR90 cells, the reappearance of senescence phenotypes (cell morphology and SA-␤-Gal activity) (Fig. 2) was partially prevented (Fig. 8A to D) . Similarly, the up-regulation of p21 and p16 in late-passage IMR90 cells in response to serum stimulation was significantly inhibited by the addition of PD098059 or U0126 (Fig. 8E to H) . In addition, the reappearance of phosphorylated downstream targets of ATM/ATR and DNA damage response proteins in serum-restimulated senescent HK1 cells (data not shown for IMR90 cells) was strongly inhibited when the cells were treated with the MEK inhibitor U0126 1 h before serum stimulation (Fig. 7A to C and Fig. 7D , panel 7). Together, these data indicate that mitogen stimulation cooperates with telomere shortening through activation of the MEK/MAKP pathway to induce senescence signaling.
DISCUSSION
The present study shows that the phenotypes and signaling pathways of replicative senescence induced by telomere shortening become amplified to higher levels in cells that are stimulated to divide but that they operate at low, basal levels in the absence of a growth stimulus. We show that the morphological phenotypes and molecular markers of cellular senescence are dramatically diminished in mitogen-deprived cells and organs despite the prevalence of critically short telomeres. The senescence markers appear (or reappear) in response to mitogen stimulation both in vitro and in vivo, indicating that responses to telomere dysfunction are still intact. The mitogen-dependent induction of senescence phenotypes and signaling correlates with the appearance of nuclear DNA damage foci. The classical hypothesis of replicative senescence is that critically short telomeres at the chromosomal ends lose their capping function, resulting in the activation of DNA damage-like responses (55) . In accordance with this hypothesis, recent studies have reported that senescent cells show an accumulation of DNA damage foci (45) , some of which colocalize to dysfunctional telomeres (8, 54) . The present study demonstrates that the activation of DNA damage responses in senescent cells, specifically, the activation and accumulation of proteins involved in DNA repair and checkpoint control downstream of ATM/ATR, is mitogen dependent. The rapid accumulation of DNA damage checkpoint and repair proteins in response to mitogen restimulation demonstrates that DNA damage signal transduction pathways can be activated instantaneously to prevent senescent cells from entering the cell cycle.
The present study shows that the activation of DNA damage responses and senescence signaling in response to mitogen stimulation occurs in part through the MEK/MAPK pathway, inducing premature senescence in response to sustained overstimulation of this pathway (29, 46, 62) . Our data indicate that both senescence pathways (premature senescence and replicative senescence) are linked to each other. In line with this finding, previous studies showed that premature senescence and replicative senescence are indistinguishable in terms of morphological and molecular markers (46) . Recently, it was shown that stress-induced MAPK 38 is overexpressed in both replicative senescence and premature senescence (26) , indicating that there could be cross talk between mitogen stimulation and stress-induced MAPK 38.
A functional explanation for the mitogen dependence of replicative senescence is that low levels of cell cycle inhibitors are sufficient to counteract the actions of positive growth regulatory elements, which are either absent or present at very low levels under growth-depriving conditions (13, 48) . Quiescent young and senescent human diploid fibroblasts (HDFs) express low levels of cyclin D1 and cyclin E. In the presence of serum stimulation, both the expression and the associated kinase activities of these cyclins increase during the mid-and late-G 1 phases, respectively, in young HDFs, leading to pRb phosphorylation (13, 48) . In contrast to young HDFs, senescent HDFs, even though they contain abundant cyclin D-Cdk4/6 and cyclin E-Cdk2 complexes, lack cyclin E-and cyclin D-associated kinase activities due to increased inhibitory binding of p21 to these complexes rather than inhibitory phosphorylation of kinase activity (35, 51) . In the present study, the enhanced expression of p21 in response to serum stimulation reflects the fact that a higher level of p21 is essential to inhibit the growth stimulatory effects of cyclin D-Cdk4/6 and cyclin E-Cdk2 complexes. The disappearance of morphological characteristics of senescent cells in response to serum deprivation correlates with diminished levels of expression of p21 and p16, indicating that the levels of expression of these genes may affect the morphological features of the cells. This explanation is in accord with previous reports indicating that the induced expression of either p21 or p16 alone is sufficient to induce senescence with all of the morphological markers of senescence, including flattened morphology and SA-␤-Gal activity (14, 22, 33) , and that the inhibition of p21 and p16 leads to normal cell cycle progression and extension of the life span with no signs of senescence (7, 12, 30) . In the present study, the disappearance and reappearance of morphological features of senescence (flattened cells and SA-␤-Gal activity) in response to serum starvation and serum stimulation correlate with the levels of expression of p21 and p16.
The results of our study will have an impact on future analysis of the senescence pathway and may help to identify the initial responses to telomere shortening leading to cell cycle arrest and senescence. Regarding the role of replicative senescence in vivo, our findings indicate the need to monitor cell cycle activity in order to analyze the prevalence and consequences of senescence in different organs and tissues often containing large fractions of cells in the G 0 phase of the cell cycle. 
